INTRODUCTION
Zearalenone (ZEA) is a nonsteroidal estrogenic mycotoxin produced by Fusarium graminearum and Fusarium culmorum in cereals. Zearalenone is mostly metabolized to α-zearalenol and β-zearalenol in the liver and intestinal mucosa. These metabolites have estrogenic and anabolic actions in the reproductive tract (Fitzpatrick et al., 1989) . Zearalenone has hematotoxic, hepatotoxic (Conkova et al., 2001) , and immunotoxicological effects (Zinedine et al., 2007) as well as carcinogenic, mutagenic, and genotoxic activity (Ghedira-Chekir et al., 1999; Minervini et al., 2001 ). The main symptoms described in swine are anestrous and reduced litter size in sows (Diekman and Long, 1986) , edema of the vagina, mammary gland enlargement, and swelling and reddening of ABSTRACT: Two experiments were conducted to evaluate the efficacy of an activated diatomaceous clay (ADC) in reducing the toxic effects of zearalenone (ZEA) in the diet of rats and piglets. In the rat experiment, 90 Sprague-Dawley female weanling rats with an initial BW of 45 ± 1.0 g were assigned to 1 of 6 dietary treatments for 28 d in a completely randomized design (CRD) with a 2 × 3 factorial arrangement (0 or 6 mg ZEA/kg feed and 0, 1, and 5 g ADC/kg feed). In the piglet experiment, 64 female piglets ([Large White × Landrace] × Pietrain with an initial BW of 14.9 ± 1.65 kg) were fed 1 of 8 experimental diets for 26 d in a CRD design with a 2 × 4 factorial arrangement (0 or 0.8 mg ZEA/kg feed and 0, 1, 2, and 5 g ADC/kg feed). The ADFI, ADG, and G:F were determined at the end of each experiment. At the conclusion of studies, serum samples were collected and rats and piglets were euthanized to determine visceral organ weights. The diet contaminated with ZEA did not alter the growth of rats and the relative weight of liver and kidneys. However, ZEA increased (P < 0.05) the relative weight of uterus, ovaries, and spleen and decreased (P < 0.05) the serum activities of alkaline phosphatase and alanine aminotransferase compared to the control group. Supplementation of ADC in the rat diets counteracted (P < 0.05) the observed toxic effects of ZEA on the uterus and ovaries weight. The diet contaminated with ZEA (0.8 mg/kg feed) increased (P < 0.05) the weight of the uterus and ovaries in piglets but did not modify the serum biochemical variables or the relative weight of other visceral organs. The addition of 5 g ADC/kg to the contaminated feed reduced the toxic effects of ZEA on uterus and ovary weights to that of the control group. Zearalenone (10.5 μg/kg bile) and α-zearalenol (5.6 μg/kg bile) residues were detected in the bile of piglets fed the ZEA treatment. Supplementation of ADC to diets contaminated with ZEA reduced (P = 0.001) ZEA content in bile compared to the ZEA treatments. The results of these experiments indicate that a long-term consumption of ZEA-contaminated diets stimulated growth of the reproductive tract in rats and piglets and the presence of ZEA residue in bile in piglets. These effects may be counteracted by the addition of ADC to the diet. the vulva in gilts (Dacasto et al., 1995) . A practical way to prevent mycotoxicosis in animals involves the addition to the diet of additives with the ability to bind or metabolize mycotoxin in the gastrointestinal digesta, decreasing toxin bioavailability and toxicity (Ramos et al., 1996; Visconti and Pascale, 1998) . Several products have been tested for efficacy in the presence of Fusarium toxins with adsorbent properties acting in vitro and in vivo (Doll et al., 2005) . Activated charcoal, bentonite, and hydrated sodium calcium have been tested regarding the adsorption of ZEA in the gastrointestinal tract of different species (Underhill et al., 1995; Afriyie-Gyawu et al., 2005) . However, many of these products have not yielded satisfactory results in in vivo experiments (Avantaggiato et al., 2003) . The aim of this study was to investigate diets containing ZEA and the ability of an adsorbent to prevent toxic effects of ZEA on rats and piglets. The hypothesis tested that the supplementation of activated diatomaceous clay (ADC) at 1, 2, and 5 g/kg in contaminated diets would reduce the toxic effects associated to ZEA on the internal organ weights, reproductive traits, ZEA residuals, and serum biochemistry in weaning rats and piglets.
MATERIALS AND METHODS

Mycotoxin Inactivator
Activated diatomaceous clay (Adidetox; Adiveter SL Pol. Ind. Agro-Reus, Reus, Tarragona, Spain) is a new additive designed to bind ZEA at a low dosage in feed, which may allow its use as a preventive agent. Activated diatomaceous clay has been obtained from the modification and activation of a diatomaceous soil, which is a natural material extracted from a quarry, with a maximum of 70% silicon dioxide. Activated diatomaceous clay presents a highly porous surface and adequate polar microsurroundings that yield an average adsorption on a ZEA solution (1.5 μg/mL) of 44% at 0.1% ADC inclusion, 73.5% at 0.2% ADC inclusion, and >95% at 0.5% ADC inclusion. These data were obtained according to internal report 0721-12, validated by Guynot and Salado (2010) .
Preparation of Zearalenone-Contaminated Diet
Pure crystalline ZEA (Sigma-Aldrich Chimie S.a.r.l, Lyon, France) was dissolved in absolute ethanol (1 mg/mL) and the solution was sprayed onto 100 g of the ground control diets. The treated feed was left overnight at room temperature for the solvent to evaporate and was then mixed into the basal diet to provide the desired levels of ZEA/kilogram feed.
Rat Experiment
All experimental procedures were approved by the Animal Ethics Committee of the Universitat Autònoma de Barcelona and were in compliance with the European Union guidelines for the care and use of animals in research (European Parliament, 2010) . A total of ninety 21-d-old female rats (Sprague-Dawley; 45 ± 1.0 g initial BW) were assigned to dietary treatments in a completely randomized design. Rats were weighed and assigned to outcome groups on the basis of BW and randomly allocated to 1 of 6 dietary treatments to give 5 replicates with 3 rats per cage. The 6 experimental treatments resulted from a 2 × 3 factorial arrangement with 2 levels of ZEA (0 and 6 mg ZEA/ kg feed) and 3 levels of ADC (0, 1, and 5 g/kg feed). Experimental diets (2,830 kcal/kg Metabolizable Energy, 21.4% CP, and 1.15% Lys) were prepared from a Standard Certified Rodent Chow diet (Scientific Animal Food Engineering, Augy, France) and offered ad libitum. Rats were housed for 28 d in wire cages with filter top in a room maintained at 24°C temperature, 55 to 60% humidity, and a 12:12 h light:dark cycle. Rats were allowed free access to experimental diets and water throughout the experiment. Body weight and ADFI were determined and the 2 variables were used to calculate G:F. Timing of vaginal opening was registered daily from d 21 to the end of the experiment. Vaginal impedance was monitored daily to determine the time of the estrus cycle from the day of vaginal opening to the end of the experiment. Electric impedance of the vaginal mucous membrane was measured according to the method described by Bartos (1977) . Rats were sacrificed after 2 d of estrus (48 ± 1.6 d) to exclude the effects of estrus on the weight of the reproductive organs and the concentration of FSH. Briefly, rats were anesthetized by an intramuscular injection of ketamine-xylazine (80 mg/kg) and 2 mL blood samples for each animal were collected from 8 animals in each treatment by heart puncture for the determination of FSH, total protein (TP), uric acid, total bilirubin (TB), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and alanine aminotransferase (ALT). Within 1 h of collection, serum samples were separated from blood by centrifugation at 2,500 × g for 15 min at 4°C and subsequently stored at -80°C until the biochemical analysis. Finally, rats were euthanized by intravenous injection of sodium pentobarbital. The abdominal cavity was exposed by midline laparotomy, and the weight of the excised visceral organs (liver, kidneys, spleen, and the reproductive tract) was determined. Data were expressed as relative organ weight (grams of organ per 100 g BW).
Piglet Experiment
All experimental procedures were approved by the Animal Ethics Committee of the Universitat Autònoma de Barcelona and were in compliance with the European Union guidelines for the care and use of animals in research (European Parliament, 2010) . A total of sixty-four 50-d-old female pigs ([Large White × Landrace] × Pietrain; initial BW of 14.9 ± 1.65 kg) were weighed and assigned to outcome groups on the basis of BW and randomly allocated to 1 of 8 dietary treatments to give 4 replicates with 2 piglets per pen. The 8 experimental treatments resulted from a 2 × 4 factorial arrangement with 2 levels of ZEA (0 and 0.8 mg ZEA/kg feed) and 4 levels of ADC (0, 1, 2, and 5 g ADC/kg feed). Diets were formulated to be isoenergetic and isonitrogenous and to satisfy the nutrient requirement standards for pigs (Whittemore et al., 2003 ; Table 1 ). Feed was provided ad libitum and water was freely available during 26 d. The ADFI, ADG, and G:F were registered at the end of the experiment. Blood samples were collected (2 mL) from all piglets for serum biochemical determination on d 26. Within 1 h of collection, serum samples were separated from blood by centrifugation at 2,500 × g for 15 min at 4°C and subsequently stored at -80°C until biochemical analysis of TP, TB, ALP, and glutamate dehydrogenase (GLDH). Pigs were euthanized with an intravenous injection of sodium pentobarbital (200 mg/kg BW). The abdominal cavity was exposed by midline laparotomy, and the weight of the excised visceral organs (uterus, ovaries, kidney, liver, and spleen) was determined. Data were expressed as relative organ weight (grams of organ per 100 g BW). Samples of liver and bile fluid were also collected and stored at -20°C for the analysis of ZEA and α-zearalenol.
Chemical Analyses
Zearalenone was analyzed by HPLC to quantify ZEA concentration in the diets. Analyses of ZEA and α-zearalenol residues were performed according to Horie and Nakazawa (2000) . The limit of detection and the limit of quantification, calculated as a 3-and 10-fold signal-to-noise ratio, were 2 and 3 ng/g, respectively. Homogenized samples were extracted with 0.2% metaphosporic acid:acetonitrile (6:4, vol/vol) and cleaned up on an OASIS HLB SPE column with 60 mg of adsorbent and 3 mL of reservoir volume (Waters Corporation, Milford, MA). Liquid chromatography fitted to an electrospray probe operating in the negative mode was used for the quantification of residues.
Serum concentration of TP was measured by following the Biuret method; uric acid was measured by using the uricase method; and the enzymatic activities of ALP, ALT, and AST (without pyridoxal phosphate addition) were measured by using the recommended International Federation of Clinical Chemistry and Laboratory Medicine reference methods (Tietz et al., 1983; Bergmeyer et al., 1986a,b) . Serum biochemical parameters were measured by using Olympus System Reagents (Olympus Diagnostica GmbH, Clare, Ireland) and an automatic clinical chemistry analyzer (Olympus AU400; Olympus, Hamburg, Germany).
Serum bilirubin concentration was measured on a Technicon Autoanalyzer (Olympus AU400) following the method described by Tolman and Rej (1999) . The GLDH activity was quantified colorimetrically (λ = 450 nm) following the methods recommended by Deutsche Gesellschaft für Klinische Chemie (Tietz, 1990) . Serum FSH was measured by ELISA using a commercially available Rat FSH ELISA kit (number AE R004; Biocode Hycel S.A., Liege, Belgium). The sensitivity of the applied assay was 0.5 ng/mL. The intra-and interassay coefficients of variation were 12.3 and 10.5%, respectively. 
Statistical Analyses
Data were analyzed as a completely randomized design using the GLM procedure of SAS software (version 8; SAS Inst. Inc., Cary, NC). The dietary treatments were arranged in a 2-way factorial design and Tukey's multiple comparisons were used to determine main effects of ZEA contamination, ADC level, and the interaction between ZEA contamination and ADC level. The individual animals served as the experimental unit for serum biochemical blood markers and the relative organs weight. The α level used for significant differences was 0.05.
RESULTS
Rat Experiment
Dietary treatments had no effect on ADFI, ADG, and G:F, averaging 14.5 g/d for the ADFI, 4.07 g/d for the ADG, and 0.280 for the G:F in the entire period (P > 0.05). Dietary treatments had no effect on time of vaginal opening: 34.2 ± 1.2 d (P > 0.05).
Rats fed the ZEA diet (6 mg ZEA/kg feed and 0 g ADC/kg feed) had a heavier uterus, ovaries, and spleen (P < 0.001) compared with those fed the 0 ZEA diets. However, supplementation of ADC (1 and 5 g/kg) to the ZEA-contaminated diets reduced the uterus (P = 0.012) and ovaries (P < 0.001) weights to values not significantly different to those of the control group (Table 2) .
Rats fed diets with ZEA decreased serum activities of ALP (P < 0.05) and ALT (P < 0.01), whereas supplementation of ADC increased (P < 0.05) ALP values. However, dietary treatments had no effect on serum concentrations of TP, uric acid, and TB and the serum's AST and FSH activity (Table 3) .
Piglet Experiment
Dietary treatments had no effect on performance of piglets, averaging 1.26 kg/d for ADFI, 0.69 kg/d for ADG, and 0.55 for G:F in the entire period (P > 0.05).
The relative weights of the liver, spleen, and kidneys were not affected by dietary treatments. However, piglets fed the ZEA-contaminated diet had heavier (P < 0.05) relative weight of the uterus and ovaries compared with gilts fed the 0 ZEA diet. The addition of ADC (5 g/kg feed) to the ZEA-contaminated diets significantly offset the toxic effects of ZEA in the relative weight of the uterus to values not significantly different to those of the control diet. Activated diatomaceous clay supplemented to the uncontaminated diets had no effect on the weight of the uterus (Table 4) .
Dietary treatments had no effect (P > 0.05) on serum protein and bilirubin concentrations and the activities of GLDH. However, consumption of a ZEAcontaminated diet (0.8 mg ZEA/kg and 0 g ADC/kg) increased serum ALP activity, and ADC supplementation to the ZEA-contaminated diets at levels of 2 and 5 g/kg feed restored its level to values not significantly different from those of the control group. Zearalenone (10.5 μg/kg) and α-zearalenol (5.6 μg/kg) residues were detected in the bile of piglets fed the ZEA treatment (Table 5) but not in those piglets fed the control or ADC diets. Supplementation of ADC to the diet contaminated with ZEA reduced (P < 0.01) the ZEA content in bile (down to 2.3 μg/kg). No residues of ZEA and α-zearalenol were detected above our detection limit (20 and 30 μg/kg) in the liver.
DISCUSSION
The Effects of Zearalenone in Female Rats and Piglets
Our experiments results show that performance variables were not affected by ZEA-contaminated diets, either in rats receiving a level of 6 mg ZEA/kg feed or in piglets at a lower concentration (0.8 mg ZEA/kg feed). Šperanda et al. (2006) also showed no changes in the performance of weaned piglets when fed on diets with a greater level of ZEA (2 mg/kg). More recently, other authors have shown no negative effects on growth performance of gilts fed a dietary ZEA concentration in the range of 1.1 to 3.2 mg/kg (Jiang et al., 2011) or a diet contaminated with ZEA at 1.5 mg/kg feed for 4 wk (Oliver et al., 2012) . In contrast, Collins et al. (2006) reported that feed intake and BW gain decreased in pregnant rats treated once daily by gavage Means within a column without common superscript differ among themselves (P < 0.05).
1 ALP = alkaline phosphatase; GLDH = glutamate dehydrogenase; TP = total protein; TB = total bilirubin.
2 Data represent the means from treatment detected (detection limit of analytical method: 2 μg/kg). Values obtained using the ZEA positive samples.
3 Data represent the means from treatment detected (detection limit of analytical method: 3 μg/kg). Values obtained using the zearalenol positive samples.
4 ND = not detected.
with various levels of ZEA (1, 2, 4, and 8 mg/kg BW). In addition, a significant decrease was also found in the feed intake of mature, male Wistar albino rats after a gastric intubation of 0.25 mg ZEA/kg BW once a day for 15 d (Kaliamurthy et al., 1997) . These doses are greater than those designed in our study and others with no changes in animal performance, indicating that differences among experiments could be due to the different doses of ZEA, with respect to the BW of the animals. Moreover, the results reinforce the idea that low levels of dietary ZEA (up to 2 mg/kg feed) have no effect on growth performance. The most remarkable effect of ZEA in the present study was the increase of uterus (35.4% in rats and 54.1% in piglets) and ovary weights (31.1% in rats and 34.4% in piglets). These results are in agreement with previous studies (Ito and Ohtsubo, 1994; Doll et al., 2004 Doll et al., , 2005 Fink-Gremmels and Malekinejad, 2007; Tiemann and Danicke, 2007) and confirm the potential estrogenic effect of ZEA on the reproductive system of weaning female rats and piglets (Fitzpatrick et al., 1989; Jiang et al., 2012) .
Despite differences regarding the weight of the reproductive organs, no differences were detected in the timing of vaginal opening or the blood FSH concentration in rats fed a diet containing 6 mg ZEA/kg feed for 28 d. Timing of vaginal opening is an external sign of sexual development in female rats and has been used as a biomarker of pubertal onset (Marty et al., 1999) . There are reports in the literature that present contradictory results about the effect of ZEA on the time vaginal opening. Nikaido et al. (2003) reported that prepubertal exposure to 10 mg ZEA/kg feed can cause earlier vaginal opening and persistent estrus simultaneous to structural changes on the ovary in rats. Similarly, exposure to ZEA at 0.02 mg/kg BW daily doses caused earlier vaginal opening in mice (Hilakivi-Clarke et al., 1998) . On the other hand, Ito and Ohtsubo (1994) reported that the intraperitoneal injection of 10 to 30 μg ZEA·animal -1 ·d -1 into juvenile mice on Days 1 to 3 or 1 to 5 after birth resulted in delayed vaginal opening. Differences between these studies could be due to differences on the ZEA dose exposure or method of application (either in the diet or by injection).
The structure of ZEA resembles many characteristics of steroids and binds to estrogen receptors as an agonist (Minervini and Dell'Aquila, 2008) . Zearalenone and its derivatives act on the secretion of FSH, thus depressing the maturation of ovarian follicles during the preovulatory stage. Our results showed no significant variation on the blood FSH concentration in rats fed the ZEA diets. Similar to the present studies, no changes were observed on serum levels of FSH in ZEA given orally at 20 mg ZEA·kg -1 ·d -1 for 5 wk (Milano et al., 1995) . On the contrary, Wang et al. (2010) reported greater levels of FSH in prepubertal gilts fed diets with 2 mg ZEA/kg feed. The changes induced by ZEA might be attributed to the time of administration, in relation to the estrus cycle, as well as to the dose administered.
No effects of dietary ZEA on the relative weights of the liver or kidneys were observed in either the rat or piglet experiment. Similarly, Forsell et al. (1986) reported that the relative weights of the liver and kidneys were not affected when weanling female mice were fed a diet containing 10 mg ZEA/kg feed for 8 wk. On the other hand, Jiang et al. (2011) reported that the relative weight of the liver and kidneys increased linearly in gilts fed a diet containing a greater amount of ZEA (3.2 mg/kg of ZEA for 18 d) as compared to our experiment (0.8 mg/kg feed).
The liver is the target organ for the toxicity of several mycotoxins, including ZEA, which may cause changes in some enzymatic parameters (Abbes et al., 2006) . However, little work has been reported on the effects of ZEA-contaminated feed on serum biochemical parameters. Feeding ZEA resulted in decreases of the serum activities of ALP and ALT in weaning rats. Nevertheless, Maaroufi et al. (1996) reported a significant increase in the activities of ALT, AST, and ALP after a single intraperitoneal administration of ZEA (1.5, 3, and 5 mg/kg feed) in rats. In addition, Šperanda et al. (2006) also observed greater AST activity in weaned piglets fed a diet contaminated with ZEA at a greater dose (3 mg/kg feed) for 14 d. No significant variation was observed in serum biochemical parameters in piglets with the ZEA contamination except an increase in ALP activity. In an experiment testing 3 increasing levels of ZEA in gilts diets, it was reported that serum ALP increased compared with controls (P < 0.05) for 1.1 to 3.2 mg ZEA/kg feed (Jiang et al., 2011) . These result may indicate that a low level of ZEA in the diet may increase ALP activity whereas a greater level (>1 mg/kg diet) may cause damage to the liver and spleen, as reflected by the increases in AST and gamma-glutamyl transferase activities.
Effect of Activated Diatomaceous Clay in Contaminated Diets
A promising and economical approach for reducing mycotoxicosis in animal feeding is the use of adsorbents that bind mycotoxins efficiently in the gastrointestinal tract and prevent their absorption (Dakovic et al., 2005) . The addition of nutritionally inert sorbents may also be considered a valuable approach to reduce ZEA toxicity (Zinedine et al., 2007) . Different in vitro studies have been reported on the effect of mixtures of adsorbents (Avantaggiato et al., 2007) or modified bentonite and a humic acid polymer (Santos et al., 2011) to adsorb ZEA at its recommended statutory level (0.5 mg/kg). Bentonite showed an adsorbed capacity of >96%, regardless of the pH, whereas the humic acid product was able to absorb >96% of ZEA at pH 3.0 but extensive desorption occurred at pH 8.4. Sodium carbonate has been tested to capture ZEA, with satisfactory results in vitro (Polak et al., 2009) .
Our results show that animals fed using ADC have no any negative effects on the studied variables and confirm a potential protective role against the toxicity of ZEA. As described above, main effects of ZEA contamination in the diet were the increase on the weight of the uterus and ovaries in both species, and ADC was able to reduce these toxic effects. Other authors have also stated that the addition of a modified calcium Montmorillonite alleviated some of the reproductive effects of ZEA on the relative weight of genital organs in postweaning piglets (Jiang et al., 2012; Wang et al., 2012) . Moreover, dietary inclusion of clay at 5 or 10 g/kg feed in the diet was effective in preventing the detrimental effects of ZEA feeding in postweaning female piglets (Jiang et al., 2010) . In addition, the incorporation of hydrated sodium calcium aluminosilicate also showed protection against the detrimental effects of ZEA on the reproductive, hematological, and biochemical parameters in mice (Abbes et al., 2006) . In contrast, other authors reported that the inclusion of a modified aluminosilicate (Doll et al., 2005) or Montmorillonite (Lemke et al., 2001 ) in the diet were not able to prevent the negative effects of dietary ZEA and Deoxynivalenol toxins in female weaned piglets and mice, respectively.
Our results also showed a significant interaction between ZEA and ADC supplementation in the serum concentration of ALP and in the presence of ZEA residues in the bile of piglets fed ZEA-contaminated diets. Some authors have shown that the addition of a hydrated sodium calcium aluminosilicate alleviated some of the serum biochemical (ALT and AST activities) and hematological (red blood cells, total white blood cells, and hematocrit) effects in mice (Abbes et al., 2006) . Šperanda et al. (2006) have established that the addition of 2 g of zeolite clinoptilolite alleviated the toxic effects of ZEA (3 mg ZEA/kg) on ALT and AST activities in weaned piglets.
In our study, ZEA and α-zearalenol residues were detected in bile fluids but not in liver tissues of piglets. Previous studies indicate that ZEA and its metabolites in diets were transferred into the bile and liver in pigs (Goyarts et al., 2007) and rats (Videmann et al., 2012) . Moreover, a linear relationship between ZEA concentration in diets and ZEA derivatives (α-zearalenol and β-zearalenol) concentrations in the bile fluid and urine of piglets has been also described (Doll et al., 2003; Danicke et al., 2005) . These results indicate that the concentration of ZEA and its derivatives in bile may be considered a specific indicator of intestinal absorption and exposure to ZEA (Doll et al., 2005) . Our results show that supplementation of ADC to the diet contaminated with ZEA significantly reduced the concentration of ZEA in bile fluid. In a previous study, Doll et al. (2005) showed that aluminosilicate was ineffective in reducing the presence of ZEA metabolites in the bile fluid of piglets fed a Fusarium toxin-contaminated diet. Therefore, to our knowledge, this is the first time a study has confirmed the ability of an adsorbent to reduce the concentration of ZEA metabolites in the bile of pigs. Activated diatomaceous clay showed efficacy to bind ZEA and reduce ZEA bioavailability in the gastrointestinal tract as a safe way to prevent the toxic effect of this mycotoxin.
The results indicate that consumption of a ZEAcontaminated diet cause an alteration in the reproductive tract in rats and piglets and presence of ZEA residue in the bile of piglets. Supplementing the ZEAcontaminated diets with at least 2 or 5 g/kg of ADC has potential to ameliorate the negative effects of dietary ZEA and accelerate recovery of ZEA toxicity in pigs and rats during and after a ZEA challenge.
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